Cerebral cortical development involves complex changes in cellular architecture and connectivity that occur at regionally varying rates. Using diffusion tensor magnetic resonance imaging (DTI) to analyze cortical microstructure, previous studies have shown that cortical maturation is associated with a progressive decline in water diffusion anisotropy. We applied high-resolution DTI to fixed postmortem fetal baboon brains and characterized regional changes in diffusion anisotropy using surface-based visualization methods. Anisotropy values vary within the thickness of the cortical sheet, being higher in superficial layers. At a regional level, anisotropy at embryonic day 90 (E90; 0.5 term; gestation lasts 185 d in this species) is low in allocortical and periallocortical regions near the frontotemporal junction and is uniformly high throughout isocortex. At E125 (0.66 term), regions having relatively low anisotropy (greater maturity) include cortex in and near the Sylvian fissure and the precentral gyrus. By E146 (0.8 term), cortical anisotropy values are uniformly low and show less regional variation. Expansion of cortical surface area does not occur uniformly in all regions. Measured using surface-based methods, cortical expansion over E125-E146 was larger in parietal, medial occipital, and lateral frontal regions than in inferior temporal, lateral occipital, and orbitofrontal regions. However, the overall correlation between the degree of cortical expansion and cortical anisotropy is modest. These results extend our understanding of cortical development revealed by histologic methods. The approach presented here can be applied in vivo to the study of normal brain development and its disruption in human infants and experimental animal models.
Introduction
Cerebral cortical development in primates is a complex process that occurs over an extended period, mainly during the second half of gestation. Regional differences have been reported in the timing of major events, including neuronal proliferation near the ventricular margins, migration to the cortical plate, formation of cortical layers, elaboration of local dendritic and axonal arbors, establishment of long-distance connections, and formation of gyral and sulcal folds (Conel, 1939; Sidman and Rakic, 1982; Smart, 1983; Brody et al., 1987; Kinney et al., 1988; Kostovic et al., 2002) . However, many aspects of cortical differentiation have been difficult to quantify using conventional anatomical methods. Here, we analyze cortical maturation quantitatively and with high spatial resolution in the immature baboon brain using (1) diffusion tensor imaging (DTI), a type of magnetic resonance imaging (MRI) that reveals anisotropy in local cellular microstructure, and (2) surface based measures of cortical expansion.
High water diffusion anisotropy occurs in regions where cellular processes (axons, dendrites, glial processes) are locally ordered on a millimeter scale and reflects greater water displacement parallel to the longitudinal axis of cellular processes than transverse to them. Early in cortical development, the radial organization of pyramidal and glial cells gives rise to directionally dependent (i.e., anisotropic) diffusion (McKinstry et al., 2002) . The physical relationship between diffusion MRI measurements and cellular scale cortical microarchitecture is under active investigation (Kroenke et al., 2004; Jespersen et al., 2007) . Empirically, radial diffusion anisotropy progressively declines throughout cortical maturation (McKinstry et al., 2002; Deipolyi et al., 2005) in parallel with elaboration of dendritic and axonal arbors throughout the cortical sheet. In contrast to the pattern in cerebral cortex, diffusion anisotropy increases with maturation in white matter (Huppi et al., 1998; Neil et al., 1998) .
Regional differences in cortical diffusion anisotropy have been reported in prematurely born human infants (Deipolyi et al., 2005) and in developing baboon brain analyzed postmortem (Kroenke et al., 2005) , but the underlying biological source of this variation has not been described. These previous studies analyzed variation between limited regions of interest or within individual MRI slices. Here, we use cortical surface modeling procedures (Van Essen et al., 2001 ) to characterize diffusion anisotropy throughout the developing cerebral cortex. This analysis reveals similarities between cortical anisotropy patterns and (1) the boundary between allocortex and isocortex, (Zilles, 2004) , (2) a previously described gradient in neurogenesis and subsequent cortical maturation emanating from the insula (Sidman and Rakic, 1982; Smart, 1983; Smart et al., 2002) , and (3) maturational differences between primary sensory and motor areas versus nonprimary cortical areas (Conel, 1939; Sidman and Rakic, 1982; Brody et al., 1987; Kinney et al., 1988; Kostovic et al., 2002) .
Surface-based procedures also enable examination of two additional aspects of cortical development. The first relates to differences that may exist in anisotropy between superficial and deep cortical layers. Given the inside-out pattern of cortical development (Rakic, 1995) , diffusion anisotropy may be anticipated to be higher in superficial compared with deep layers (Sizonenko et al., 2007) . Second, measurements of cortical surface expansion are presented to provide an assessment of regional variation in the expansion rate and potential correlation between regional patterns of expansion and reductions in cortical diffusion anisotropy.
Materials and Methods
MRI data acquisition. Animal husbandry was performed at the Southwest Foundation for Biomedical Research (San Antonio, TX). The immature baboons were delivered at known gestation by cesarean section. After delivery they were immediately killed with a high dose of phenobarbitol followed by immersion fixation of the brain in 10% formalin (for necropsies performed before 2004, four samples) or 4% paraformaldehyde (necropsies 2005 and later, three samples). The brains were permanently stored in fixative. Table 1 specifies the fixative used for each brain, and the length of time that elapsed between necropsy and the MRI procedures. In addition to the brains listed in Table 1 , we have collected diffusion MRI data on ϳ50 similarly prepared tissue specimens under various experimental settings (such as after induced delivery) (our unpublished observations). We have not observed consistent differences between formalin-and paraformaldehyde-fixed brains with our imaging methods. However, we cannot eliminate the possibility that subtle fixation effects are obscured by other factors such as fixation interval within our sample collection. Animal handling and ethics were approved to conform to American Association for Accreditation of Laboratory Animal Care guidelines. Procedures have been described previously (Kroenke et al., 2005) . Table 1 summarizes data for seven brains analyzed by MRI.
The MRI experiments were performed on brains immersed in fixative. Brains embryonic day 90 (E90), E125b, and E125c were small enough to fit into 60-cc syringes, which were placed within a 5-cm-diameter transmit/receive quadrature Litz radio frequency (RF) coil (Doty et al., 1999) (Doty Scientific, Columbia, SC) . Brain E125a was scanned within a 6-cm-diameter rigid container filled with fixative. The remaining brains were sealed within plastic bags containing fixative, and the bags were placed within 6.8-cmdiameter cylindrical containers filled with a perfluorinated liquid (Krytox; DuPont, Deepwater, NJ). Brain E125a and those at later developmental stages were imaged using a 7-cmdiameter quadrature transmit/receive Litz RF coil. Given the similar designs of the RF coils used for this study, the signal-to-noise ratio per volume element scales approximately inversely with the coil volume. As a result, anisotropy measurements are more precise for brains E125b and E125c, in which voxel sizes of 0.5 ϫ 0.5 ϫ 0.5 mm were acquired using the 5-cm-diameter coil than for the remaining brains. However, differences in precision are unlikely to affect our analyses because the regional and temporal patterns described herein were obtained from large numbers of voxels within each brain.
The MRI data were acquired in the axial plane using a multislice, spin-echo imaging sequence. Imaging was performed using a 4.7-T small animal imaging system consisting of an Oxford Instruments (Oxford, UK) magnet and a Varian (Palo Alto, CA) NMR Systems console. The imaging parameters listed in Table 1 were used to collect T 2 -and diffusion-weighted data for each brain. For both acquisition methods, image resolution was isotropic with 0.5 ϫ 0.5 ϫ 0.5 mm voxels (with the exception of 0.35 ϫ 0.35 ϫ 0.35 mm voxels for brain E90). Slices were acquired in an interleaved manner to avoid signal loss associated with imperfections in slice-selection excitation profiles. Diffusion data were stored to disk in blocks of two transient acquisitions, and difference images from pairs of blocks were visually inspected to confirm system and sample stability during the long acquisitions. T 2 -weighted images were acquired before diffusion measurements to provide several hours for the sample temperature to equilibrate within the magnet bore (ϳ18°C). The diffusion-sensitization gradient pulse pair consisted of duration ␦ of 5 ms, interpulse interval ⌬ of 50 ms, and magnitude G ranging from 0 to 38 G/cm. Diffusion anisotropy was measured using a 25-direction, icosahedral sampling scheme (Batchelor et al., 2003) . Each b value was unique in both direction and amplitude, with amplitudes ranging from 0.5 to 12.5 ms/m 2 in equal steps of 0.5 ms/m 2 . To minimize bias in the sampling scheme, the 25 directions were sorted by proximity to an arbitrary direction and categorized into five groups of similar direction. Members of each of the five groups were assigned b values from each quintile of the overall range.
Postacquisition analysis. Diffusion anisotropy was quantified in terms of relative anisotropy (RA) as defined by Basser and Pierpaoli (1996) . To generate RA parameter maps, phase-sensitive images were reconstructed for each of the 25 diffusion sensitization settings. Diffusion parameters were then estimated from the 25 signal amplitudes for each voxel using a previously described "modified DTI" model selection algorithm (Kroenke et al., 2006) implemented with Bayesian Analysis software (http://bayesiananalysis.wustl.edu).
For each of the brains, RA was examined relative to the distance from the cortical surface. To do this, the apparent diffusion coefficient (ADC; defined as one third the trace of the diffusion tensor) and RA parameter maps were used to classify voxels as fixative (ADC Ͼ threshold), brain (ADC Ͻ threshold and RA Ͼ0), and background (the remaining voxels). The ADC threshold value was individually adjusted for each brain within the range of 0.7-0.9 m 2 /ms. After this initial classification, the threedimensional (3D) volumes were visually inspected for regions interior to the brain classified as fixative, such as voxels inside ventricles. These regions were reassigned to the brain voxel class using a semiautomated, region-growing algorithm. Distances were then calculated from each brain voxel to the closest fixative voxel. The distance to the cortical surface was approximated as the intervoxel distance minus half of a voxel (Van Essen et al., 2001 ) was used to generate a surface through the cortical midthickness for brains aged E90 to E146. The standard input for segmenting adult cortex using the SureFit method in Caret is a T 1 -weighted brain image in which white matter has higher signal intensity than cortical gray matter, which in turn has higher signal intensity than CSF. Because of the "inverted" contrast properties of immature primate brains, the desired contrast pattern was approximately achieved by setting the grayscale image intensities of the fixative voxels of T 2 -weighted images (classified as described above) to zero. These adjusted T 2 -weighted images were used to generate an initial segmentation containing voxels "inside" or "outside" the cortical midthickness. The initial segmentation was extensively edited manually, to better match the underlying anatomy. The final segmentation was used to generate a representation of the cortical surface (Van Essen et al., 2001) . For each brain, surface-based analyses were performed on the hemisphere with the least amount of damage incurred during postmortem surgical extraction. Thus, left hemisphere surfaces were generated for E90, E125a, and E125b; however, they are presented as right hemispheres (by mirror-flipping the horizontal axis) to facilitate comparisons across individuals.
In medial temporal regions, the boundary of allocortical structures (hippocampus, prepyriform cortex, periamygdaloid cortex) was difficult to delineate because it is not visible on structural MRI. The parahippocampal gyrus crown was used as the medial boundary. At the inferior medial wall boundary, where allocortex merges with gray matter nuclei such as the amygdala, a region of gray matter was identified as "unassigned" and excluded from the analysis (see Fig. 1g ). This was done to avoid erroneously including subcortical structures in the cortical surface model.
Cortical diffusion anisotropy was mapped onto each surface model by assigning to each surface node the maximal RA value observed within a (1.5 mm) 3 cube (or (1.05 mm) 3 cube for brain E90) centered on the node. To analyze the RA pattern at E125 relative to distance from the most rapidly maturing location on the insula, the geodesic distance (shortest distance within the cortical surface) was computed between each surface node and a reference node using a function in Caret. The reference node was placed in a standard location in the anterior insula in each E125 hemisphere.
Surface-based registration and interanimal comparisons. To perform interanimal comparisons, the E146 surface was treated as a target atlas surface, and each of the other cortical surfaces was registered to the E146 target using landmark-based, surface-based registration (Van Essen, 2005) . First, a "spherical standard" surface was generated for each hemisphere (with distortions reduced by multiresolution morphing followed by alignment to a standard orientation). Each individual spherical surface was registered to the E146 atlas spherical surface using the set of age-specific geographic (gyral and sulcal) landmarks listed in Table 2 . Nine landmark contours were used to register the E125 hemispheres. These were chosen on the grounds that they were consistently identifiable in all three E125 hemispheres and in the E146 hemisphere and are considered likely to represent geographically and functionally corresponding locations in each individual (see Discussion). For the E90 hemisphere, we used four of these landmarks that could be delineated with confidence, plus additional landmarks along the frontal convexity and medial wall. This registration process establishes a set of point-to-point correspondences between the "standard-mesh" atlas surface (Saad et al., 2004 ) and the individual hemisphere surface. These were used to generate standardmesh representations of each individual surface. The three standardmesh surfaces from age E125 (E125a-E125c) were averaged to obtain an age-specific average fiducial surface.
To evaluate whether there were regional differences in the rate of expansion of cortical surface area, we computed the ratio of surface area on pairs of standard-mesh fiducial surfaces at different ages. The areal expansion maps between each E125 hemisphere and the E90 hemisphere were averaged, yielding a map of early (E90 -E125) expansion. Similarly, the areal expansion maps between the E146 hemisphere and each E125 hemisphere were averaged, yielding a map of late (E125-E146) expansion
To relate the diffusion anisotropy patterns observed in the baboon to cortical partitioning schemes identified in the macaque monkey, we registered the E146 baboon hemisphere to the F99 macaque surface-based atlas (available through http://sumsdb.wustl.edu/sums/directory. do?dir_idϭ6585200) using the landmarks specified in Table 2 . Because the younger-age baboon hemispheres were also registered to the E146 hemisphere, the macaque atlas data could also be viewed on standardmesh surfaces at all ages.
The RA parametric maps, and cortical surface models generated in this study are publicly available on the SumsDB web site (http://sumsdb. wustl.edu/sums/directory.do?idϭ6606357&dir_nameϭKROENKE_ EtAl_2007).
Statistical analysis. Spearman's rank correlation coefficients were calculated to assess the relationship between RA and geodesic distance from the insula. Additionally, a linear regression in which slope and intercept parameters were estimated for RA values versus geodesic distance was compared with a modified three-parameter regression. In the threeparameter regression, slope and intercept parameters were determined for voxels corresponding to nonprimary visual and motor areas. The third parameter was the difference in intercept values between V1 motor areas and other areas. Significance in the improvement in fit of the threeparameter model over the two-parameter model was assessed using F statistics. In these analyses, each voxel in the RA map was regarded as an independent measurement. This is justified because no interpolation or other transformation that affects voxel intensity values had been performed on the parametric maps. Any voxel that represented the maximal RA value for multiple nearby surface nodes contributed only a single datum to this analysis, and the associated geodesic distance from the insula was based on the average for the contributing surface nodes.
Histological analysis. Five additional brains (not included in the MRI analysis) were processed histologically. Procedures for sectioning into 5-mm-thick coronal blocks, paraffin embedding, slicing, and hematoxylin and eosin (H&E), staining have been published previously for brains of 125, 140, and 160 d gestation (Dieni et al., 2004) . Two additional brains of 90 and 185 d gestation were processed using identical procedures. Cortical thickness was estimated for each of the 5 brains (Dieni et al., 2004) . Cortical thickness at other ages (e.g., E146 and E175) was estimated by linear interpolation between the two closest, age-matched younger and older brains. To compare cortical thickness estimates made within paraffin-embedded tissue to MRI data obtained before embedding, a correction factor was determined from E90 and E185 brains that have not yet formed in the E90 brain. Landmarks were defined along the fundi of the presulcal grooves (Fig. 7) .
underwent both histological and MRI analyses. The inferior/superior extent of a coronal slice located 40% caudal to the rostral pole was measured by both methods. For both brains, formalin-immersed tissue (used for MRI) was found to be 1.3-fold larger than paraffin-embedded tissue (used for histology).
Results
Cortical diffusion anisotropy at E90: allocortex/periallocortex versus isocortex At the earliest age examined (E90), cortical convolutions are only rudimentary, as seen in Figure 1 . The Sylvian fissure (SF) and calcarine sulcus are represented by minor indentations, and most sulci present in the adult brain are absent altogether. Maps of RA derived from an E90 brain are shown in coronal slice views from caudal ( Fig. 1a) to rostral (Fig. 1e) . In the most caudal and rostral slices illustrated, RA values are uniformly high (yellow; RA Ͼ0.6).
In intermediate slices (Figs. 1b-d) , RA values are uniformly high dorsally and laterally, but there is a sharp transition to much lower values (RA Ͻ0.3) in a restricted region ventrally and medially, near the junction between frontal and temporal lobes. The cortical surface of the E90 hemisphere intersected with the middle three coronal image slices in the second row of Figure 1 ( f-h, enlarged slices) shows the region of low anisotropy in ventromedial cortex to include classical allocortex plus adjoining periallocortical regions. Based on comparisons with architectonic subdivisions of the adult macaque (Carmichael and Price, 1994) , the low-RA regions in periallocortical cortex extend into agranular insular portions of orbitofrontal cortex [areas Iam and Iai in the study by Ferry et al. (2000) ] (Fig. 1l ) . The change from high to low anisotropy therefore appears to reflect the boundary between isocortex, defined as cortex destined to form six layers at maturity, and other cortical regions (proisocortex, periallocortex, and allocortex).
Cortical diffusion anisotropy at E125: regional variation within isocortex At age E125, cortical folding has progressed substantially, and RA is reduced overall, but in a regionally heterogeneous pattern. This is shown in axial (Fig. 2a) and coronal views (Fig. 2b,c) of RA maps for brain E125b. Lateral (Fig. 2d) and medial ( Fig. 2e) views of the cortical surface model show the complete RA map. Comparison to the E90 surface model shows that many cortical sulci first appear between E90 and E125. White arrows in Figure 2c delineate borders between the isocortex, other cortical structures (proisocortex, periallocortex, and allocortex), and the unassigned region. Asterisks indicate the boundaries of the proisocortex, periallocortex, and allocortex region. The extent of the unassigned region is shown between the blue dotted line and the medial wall in Figure 2e .
Along with an overall reduction in RA, regional heterogeneity is widespread in the E125 isocortex (contrast yellow and red arrows in Fig. 2a) . The highest RA values (yellow) are in lateral occipitotemporal cortex, inferior and caudal to the superior temporal sulcus (STS). Low RA values (purple and red) are prominent in more rostral regions, including the superior temporal gyrus, the SF, the precentral gyrus (PrCG), the rostral wall of the postcentral gyrus (PoCG), cingulate gyrus, and primary visual area.
Cortical diffusion anisotropy at E146
By E146, sulci present at E125 have become substantially deeper (e.g., the cingulate sulcus), and additional sulci have appeared (e.g., the inferior occipital sulcus). The map of diffusion anisotropy is shown for lateral and medial views of the E146 surface in Figure 1 . Isocortical versus allocortical diffusion anisotropy at E90. a-k, Coronal slices (a-h) of RA maps are shown for locations indicated on the surface models (i, j, k). Coronal slices f-h are enlargements of slices b-d to show detail. The classification of surface structures used is illustrated on slices f-h. Isocortex is shown in blue, "other cortex" (including allocortex) in green, unassigned cortex in brown, and the "medial wall" (not containing cortex) in gray. In f-h, a thicker cortical surface ribbon indicates greater cortical curvature in the through-plane direction. The anisotropy color scale for "volume data" (a-h) differs from the surface anisotropy color scale (i-l ); however, in both cases, yellow is most anisotropic. At the location of the isocortex/ allocortex boundary, a dramatic change in cortical diffusion anisotropy (high-isocortex/low-allocortex) is observed. In the ventral view inset (l ), a color code is used to show the location of proisocortical areas Iai, Iam, and 13a described by Ferry et al. (2000) using surface registrations to the adult macaque atlas surface (for details, see Results, Cortical diffusion anisotropy at E90). Figure 3 . RA is substantially lower on average throughout the isocortex at E146 compared with E125. Nonuniformities in RA are less pronounced at this age than at E125, but RA values for ventral temporal cortex remain somewhat higher than for other regions.
Laminar variation in cortical diffusion anisotropy
The voxel dimensions used in this study (0.35 mm for E90, 0.5 mm for later ages) were smaller than the total cortical thickness, thereby permitting an analysis of how RA depends on depth below the pial surface. In the slice views shown in Figures  1 and 2 , anisotropy tends to be highest close to the pial surface and, in some regions (Figs. 1e, 2a , blue arrow), shows a progressive decrease within what is likely to be the thickness of the cortical sheet. To address this issue quantitatively, the mean value of anisotropy at a given distance from the pial surface, mean RA, was plotted as a function of depth from the pial surface for six gestational ages (Fig. 4a) . The pattern for brains of 146 d gestational age or less (Fig. 4a , top three panels) consists of a steep rise to a peak value from ϳ0 to 0.4 mm cortical depth, with a drop in mean RA between 0.4 and 2.0 mm (depending on gestational age) to a value of 0.15. The E175 and E185 brains differ from E146 and younger brains by lacking a distinct local mean RA maximum near the cortical surface.
Independent estimates of the cortical thickness at ϳ15 places throughout the isocortex (depending on the size of the brain) at multiple stages of gestation were made from H&E stained material (Dieni et al., 2004) . H&E stained sections from the superior parietal lobe are shown in Figure 4b . Uncorrected thickness estimates are represented as dashed vertical lines in Figure 4a . Because of tissue shrinkage during embedding and staining procedures, H&E-based measurements underestimate the cortical thickness and are thus regarded as lower limits when compared with data from the MRI experiments. Comparisons of brain dimensions determined by MRI and histology were used to calculate corrected cortical thicknesses for E90 and E185. In both cases, the MRI cortical thickness (Fig. 4a, solid lines) was estimated to be 30% larger than the H&E-based measurement. These measurements demonstrate an intracortical gradient in mean RA from 0.4 mm to deeper layers for brains E90, E125, and E146.
Diffusion anisotropy versus developmental age
The relationship between baboon gestational age and RA is shown in Figure 4c . Note that there is a steady decline in RA with increasing gestational age. Peak RA values from Figure 4a (Fig. 4c , filled circles) were fitted to a second order polynomial to guide the eye (solid line). Human cerebral cortical diffusion anisotropy measurements [gray triangles, taken from the study by McKinstry et al. (2002)] were registered to the baboon-derived data by scaling the baboon peak RA values to human RA. The human RA was 0.27 of the baboon peak RA. The abscissa of the plot in Figure  4c relates cortical anisotropy changes as the percentage of a 40 week human gestation, assuming equivalence between a 160 d gestation baboon and a term human (Dieni et al., 2004) .
Interindividual consistency in regional isocortical heterogeneity at E125: correspondence with isocortical maturation gradients and functional modalities
To evaluate whether the pattern of regional heterogeneity in diffusion anisotropy at E125 was consistent across individuals, we analyzed RA maps in hemispheres from three individuals (Fig.  5a-c) . In the medial view of Figure 5d , a strip of cortex near the occipital pole is labeled gray (along with the medial wall) to indicate a region omitted from analysis because these voxels were not included in the MR images of brain E125c. Similar but not identical patterns of regional variation in RA were evident throughout the isocortex of each hemisphere. Generally, anisotropy was lowest near the insula and highest in the inferior temporal lobe.
One potential source of regional cortical anisotropy variation is a global maturation gradient throughout the isocortex. A global gradient in cortical maturation has been suggested from histolog- ical studies (Sidman and Rakic, 1982; Smart, 1983) , in which areas near the insula differentiate earlier than more distal areas. To investigate this possibility, the geodesic distance along the cortical surface from a point in the insula was calculated for each surface node. Figure 6a shows the insula point location (near periallocortex) and geodesic distances from it for brain E125b. RA was plotted versus geodesic distance in Figure 6b . Spearman's rank correlation coefficients reveal a highly significant relationship ( p Ͻ 0.001) between RA and distance from the insula in all three E125 brains (Table 3) . For illustration, linear regressions are shown for E125b in Figure 6b (solid line) and for all three brains in Figure 6c . Individual variability in the pattern of maturation is reflected in differences between the three lines in Figure 6c . The largest overall anisotropy (least mature brain) is observed in E125a; E125c is intermediate and has the steepest slope; E125b exhibits the lowest overall anisotropy and, thus, the most advanced microstructural development.
To investigate the potential influence of microstructural differences related to functional modality on diffusion anisotropy, seven functionally distinct domains were defined as shown in Figure 6d : V1 (pink), somatosensory (green), motor (purple), auditory (red), olfactory (brown, not visible in the lateral view), extrastriate visual areas excluding V1 (blue), and emotion/cognition (yellow). Boundaries of these seven domains were delineated on the macaque F99 surface atlas (Van Essen, 2004) , to which the baboon E146 atlas was registered using the surface landmarks listed in Table 2 . In Figure 6d , the seven functional modalities are projected onto the E125b surface.
Minor differences in RA values, most of which were statistically insignificant, were observed between any pair of the seven functional domains. However, V1 and motor areas both exhibit reduced anisotropy relative to the remaining isocortex, despite the marked differences in their cytoarchitectonic characteristics. A covariate analysis was undertaken to compare RA values within these areas to others after correction for geodesic distance from the insula (Fig. 6e,f, supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). For each of the three brains, F statistics are highly in favor ( p Ͻ 0.001) of a model in which RA within V1 and motor areas is offset relative to remaining areas, assuming a simple linear dependence on geodesic distance. The offset linear dependence is illustrated in Figure 6f (for brains E125a and E125c, see supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). The offset values for all three brains are listed in Table 3 .
Regional patterns of cortical expansion
The availability of accurate surface reconstructions at different developmental ages allowed us to examine global and regional aspects of the increases in surface area from E90 -E146. Figure 7 , a, b, d , and e, shows fiducial surfaces for the E90, average E125, and E146 hemispheres (same scale). Total hemispheric surface area increased fivefold between E90 and E146 (excluding noncortical regions along the medial wall). More specifically, surface area was 7.1 cm 2 in the E90 hemisphere, 18 cm 2 at E125 (20, 18, and 16 cm 2 , respectively for the hemispheres in Fig. 5a-c) (ϳ2.5- fold greater), and 37 cm 2 in the E146 hemisphere (an additional twofold greater).
Visual comparison between the E90 hemisphere and the hemispheres from later stages of maturation (E125 and E146) (Fig. 7) suggests that cortical expansion between the two ages did not occur uniformly. Surface area measurements performed on each brain revealed that the region superior and rostral to the superior temporal gyrus and lunate sulcus comprises 37% of the E90 brain, compared with an average 44% of the E125 and E146 brains (43, 44, 45, and 42% for E125a, E125b, E125c, and E146, respectively) . The boundary used to delineate rostral and caudal regions is shown as a black dotted line in Figure 7 . The noncortical medial wall (gray areas in Fig. 7) was excluded from the calculations of rostral and total surface areas. This difference indicates that the rostral aspect of the cortical surface expands at a faster rate than caudal regions from E90 to E125.
To characterize the regional pattern of cortical expansion in greater detail, we computed the rates of surface area expansion between each E125 fiducial surface relative to the E90 surface, using surface-based registration constrained by the landmarks displayed on each surface to generate standard-mesh representations of each hemisphere. The resulting surface area expansion map was smoothed using a standard function in Caret with default settings. The average expansion rate between E90 and E125 is displayed on lateral and medial views of a very inflated surface (Fig. 7c) . Regions of relatively high expansion rate (Ͼ0.1-fold per day; yellow and orange) include medial occipital and parietal cortex and dorsolateral frontal cortex, all regions where the E146 brain contains deep sulci that are absent or barely present at E90. Regions of relatively slow expansion (Ͻ0.05-fold per day; red) include rostral cingulate cortex and ventral occipitotemporal cortex, where the changes in folding were less pronounced.
A similar quantitative analysis was performed between E125 and E146, using registration landmarks displayed in Figure 7 , d and e. The average expansion ratio between E125 and E146 (Fig.  7f ) reveals a somewhat different regional pattern than for the earlier age comparison, including relatively fast expansion (approaching 0.15-fold per day; yellow) in medial occipital and lateral parietal cortex plus the Sylvian fissure. Regions of relatively slow expansion (Ͻ0.1-fold per day) include the orbitofrontal cortex and lateral occipitotemporal cortex. Although the details of this pattern depend on the choice of geographic landmarks, these results suggest that cortical expansion does not occur uniformly across the cortical sheet and that the pattern of differential expansion changes between early (E90 to E125) and late (E125 to E146) stages of maturation.
Discussion
Water diffusion within the immature cerebral cortex is markedly anisotropic, comparable in magnitude to diffusion within commissural white matter of the adult brain (Shimony et al., 1999) . This is attributable to the highly organized, radially oriented cellular processes within the isocortex at early stages, such as occurs in the E90 baboon brain (Dieni et al., 2004) . Subsequently, differentiation of cortical neurons, expansion of the neuropil, and disassembly of radial glia cells result in a loss of the prominent radial structure within the cortex and a reduction in diffusion anisotropy with gestational age (McKinstry et al., 2002) . The data presented in this study of the immature baboon cortex (1) confirm the decrease in RA within the cerebral cortex with develop- Figure 6 . Regional variation in cortical diffusion anisotropy at E125. a, The geodesic distance from a surface node on the rostral border of the insula (green asterisk) is displayed for brain E125b. Relative anisotropy values obtained from 3412 unique voxels are plotted versus geodesic distance for corresponding nodes in b, and a linear fit to the data is shown to guide the eye. Similarly derived lines are presented in c for all three E125 brains. Seven functional modalities are projected onto the E125b surface in d. RA values in e are color coded according to the regions shown in d. Motor and V1 modalities are distinguished from the remaining regions in f. Solid lines are results from a three-parameter linear regression in which all voxels are fit to a single slope; non-V1 motor voxels are modeled with one intercept, and V1 motor voxels are modeled with a different intercept. The "offset" parameter listed in Table 3 is the difference between intercepts illustrated in f. This term is defined in the legend of Figure 6 . ment, (2) quantify regional heterogeneity in RA and cortical expansion in terms of variation distinguishing allocortex and periallocortex from isocortex, variation related to a maturation gradient originating in the insula, and an offset for primary cortical regions associated with earlier white matter development, and (3) describe differences in RA between superficial and deep cortical layers. Because of the limited number of brains evaluated in this study, variation between hemispheres and animal sex could not be evaluated. Despite this limitation, the findings described here were strikingly consistent.
These findings provide a framework for analytical methods in evaluating cortical gray matter development that have direct applicability to the human preterm infant.
Regional patterns in diffusion anisotropy
Regional variation in anisotropy was compared with three structural characteristics of the cerebral cortex.
Isocortex versus other cortical regions
The boundary between regions of high and low anisotropy shown in Figure 1 coincides with the transition region between isocortex and allocortex. The six-layer architectonic structure characteristic of isocortex differs from the more primitive allocortex (Zilles, 2004) . Intermediate zones of periallocortex (including the presubiculum, parasubiculum, and entorhinal cortex of the hippocampal gyrus) and proisocortex (such as the agranular areas of the insula) separate "true" six-layered isocortex from allocortex. Regions of the cortex destined to differentiate into sixlayered isocortex display higher cortical diffusion anisotropy in superficial layers than these cortical areas. This contrast is most striking at E90.
Regional gradients in isocortical proliferation and differentiation
Within the developing isocortex, a spatial gradient exists in neuronal genesis and differentiation. Areas near the insula are most developmentally advanced, and more distant areas undergo progressively more delayed development. This gradient is documented in autoradiographic neuronal birth dating studies of the occipital lobe of carnivores and primates (Rakic, 1976; Luskin and Shatz, 1985; Jackson et al., 1989) , examination of cortical thickness and nuclear density throughout the mouse isocortex (Smart, 1983) and occipital lobe of macaque (Smart et al., 2002) , and in Golgi studies of cortical differentiation in postmortem human brain (Conel, 1939; Sidman and Rakic, 1982) . Diffusion tensor imaging studies of postmortem developing mouse brain (Zhang et al., 2003) and living premature human infants (Deipolyi et al., 2005) have reported patterns of cortical diffusion anisotropy consistent with a cortical maturation gradient. The mean cortical RA map generated from the collection of E125 brains in Figure 5d demonstrates that such a gradient can be observed in cortical diffusion anisotropy measurements. Anisotropy is lower (cortex more mature) within isocortical areas near the insula and central sulcus, and higher (cortex less mature) at the more distal frontal pole and inferior temporal region (Fig. 6) .
Primary/early myelin-forming versus nonprimary/late myelin-forming areas
Modest but statistically significant differences between primary visual and motor cortices were observed after correction for geodesic distance from the insula. These two areas contribute and receive projections from the early myelinating posterior limb of the internal capsule (primary motor), and optic radiations (primary visual) (Brody et al., 1987; Kinney et al., 1988; Kostovic et al., 2002; Kizildag et al., 2005) . It is therefore plausible that early myelination of axonal tracts occurs in concert with early cortical differentiation relative to neighboring areas. In addition to their potentially distinct developmental tempo, primary visual and motor cortices also differ from the rest of isocortex in their adult cytoarchitecture (Zilles, 2004) . A distinguishing feature of primary visual cortex is a prominent layer IV, consisting of a dense dendritic network. In contrast, primary motor cortex possesses a notably sparse layer IV plus large pyramidal neurons (Betz cells) in layer V. It is interesting that both of these departures from "typical" cortical structure correlate with reduced cortical diffu- Figure 7 . Regional patterns of areal expansion (the ratio of older brain surface area/younger brain surface area) divided by the age difference in days) from E90 to E125 (top two rows), and from E125 to E146 (bottom two rows). a, Lateral and medial views of E90 standard-mesh fiducial surface with seven registration landmarks displayed. b, Lateral and medial views of the average E125 standard-mesh fiducial surface with the corresponding seven registration landmarks displayed. c, Rate of areal expansion between E90 and E125 (mean of E125a, E125b, E125c ratios relative to E90), displayed on a very inflated surface. Above-average expansion rates are evident in medial occipital and parietal cortex and dorsolateral frontal cortex; below-average expansion rates are evident in rostral cingulate cortex and ventral occipitotemporal cortex. d, Lateral and medial views of the average E125 standard-mesh fiducial surface with nine landmark contours for registration. e, Lateral and medial views of E146 standard-mesh fiducial surface, with the corresponding nine landmarks displayed. f, Areal expansion rates between E125 and E146 (mean of E146 relative to E125a, E125b, E125c ratios), displayed on a very inflated surface. The dotted black curve in a, d, and e shows the boundary used to calculate the percentage cortical surface area rostral to the superior temporal gyrus and lunate sulcus. sion anisotropy. Additional experiments are necessary to determine whether the distinctive anisotropy pattern observed for primary visual and motor cortices is related to specific aspects of development, architecture at maturity, or both.
Diffusion anisotropy throughout the cortical depth
Anisotropy is highest in superficial layers of isocortex, with the exception of layer I, which is thinner than the dimensions of MRI voxels used in this study. Although the rudiments of a six-layered adult laminar structure can be seen in E125 brains (Dieni et al., 2004) , the immature isocortex of E90 and E125 brains do not yet possess a mature, differentiated morphology (Fig. 2b) (Sidman and Rakic, 1982; Coogan and Van Essen, 1996; Dieni et al., 2004) . Nevertheless, immature neurons of superficial layers excluding layer I are elongated (Dieni et al., 2004) , have a relatively undifferentiated neuropil [Sidman and Rakic (1982) their Figs. 1-20 ], and exhibit a higher degree of radial organization than more differentiated, deeper layers (Rakic, 1972) . A laminar anisotropy pattern is observed in averaged profiles throughout the isocortex in Figure 4a , reflective of the increased cellular-level morphological organization in superficial cortical layers. Inspection of RA parameter maps further document this laminar pattern within individual slices located at several locations within the cortex at both E90 and E125 (Figs. 1a-h, 2a) . A similar dependence of anisotropy on cortical depth has also been observed in rodent studies (Sizonenko et al., 2007) .
Relation to patterns of cortical folding and expansion
In considering the large regional differences in cortical expansion illustrated in Figure 7 , it is important to consider two major factors that may be responsible: (1) the underlying neuroanatomical processes, and (2) any limitations in our methods that may cause artificial distortions in the observed regional pattern of surface area expansion across development. With regard to the underlying neuroanatomical processes, neurogenesis is mostly complete by E90 in the macaque (gestation period, ϳ165 d) and presumably soon thereafter in the baboon (gestation period, 185 d). Thus, nonuniform expansion of the cortex might be related to regional differences in subsequent events such as gliogenesis, morphological differentiation of neurons and glial cells, and/or synaptogenesis. By this hypothesis, a unit cortical surface area at one age might expand more in one region than in another because it might gain in the number (or average size) of neurons, glial cells, synapses, and/or axons during the intervening period. In the macaque (and presumably also in the baboon), there is regional heterogeneity in the timing of neurogenesis, migration of cortical neurons to the cortical plate (Sidman and Rakic, 1982) , and synaptogenesis (Granger et al., 1995) . However, it is not obvious that the reported regional differences are pronounced enough to account for the observed heterogeneity in cortical expansion. The magnitude and underlying mechanism of differential areal expansion merits additional investigation.
With regard to methodological limitations, there are at least two processes to consider. First, the surface-based registration algorithm used to align landmarks may produce artifactual distortions. Such distortions may contribute to local fluctuations in the areal distortion maps, but it is unlikely that they are a major contributor to the large regional differences illustrated in Figure  7 . Furthermore, estimates of cortical surface area rostral to the superior temporal gyrus and lunate sulcus were made for the E90 -E146 brains independently of the surface registration algorithm, and these estimates also demonstrate regional variation in cortical surface expansion. A second potential methodological issue relates to sliding landmarks. Neurons located on a given gyral or sulcal crease at one age might shift physically and be positioned at a different location (e.g., in the bank of a sulcus) at a later age. This would potentially result in a false appearance of regional variation in cortical surface area expansion because of changes in the geographic features used for defining landmarks. Although this explanation would be interesting from a developmental perspective, the existing data does not provide evidence in favor or against this possibility.
Comparisons to prematurely delivered human infants
Comparisons between living and postmortem rodent brain indicate that death and fixation do not markedly alter diffusion anisotropy (Sun et al., 2003) . Thus, the data obtained from fixed nonhuman primate tissue have strong relevance to studies of intact human infants. This assertion is supported by the data in Figure 4c , which demonstrate a striking similarity in the temporal decrease in anisotropy for developing baboon and human relative to other neurodevelopmental stages such as cortical folding and white matter myelination (Dieni et al., 2004) . To date, the application of DTI methods to the premature human infant brain has been focused primarily on the detection of white matter injury (Huppi, 2004) . However, some of the neurodevelopmental challenges faced by prematurely born infants may reflect injury to gray matter as well as white matter . Furthermore, white matter and cerebral cortex are intimately connected, making it difficult to injure one without affecting the other. Conventional imaging methods have not proven especially effective in delineating cortical injury in this patient population. As MRI systems become more sophisticated with improved technology (Dumoulin et al., 2002; Harel et al., 2006) and knowledge of normative data increases (Evans and Grp, 2006; Hermoye et al., 2006; Huang et al., 2006) , cortical diffusion anisotropy measurement holds promise for investigating the developing cerebral cortex in prematurely delivered human infants.
